Full crowns were fabricated from three different materials (titanium, ceramic, and resin composite) at different rest diameters using a dental CAD/CAM system, and then their marginal discrepancy measured.
INTRODUCTION

Various investigations
had been carried out to utilize CAD/CAM systems in dentistry.
As such, dental CAD/CAM systems have been frequently used to fabricate dental restorations in recent years. Many of the recent studies1-5) have dealt with the accuracy of dental restorations fabricated from dental CAD/CAM systems.
These studies have shown that the presently available CAD/CAM systems have high potential to produce good fit of dental restorations, although difference in accuracy surfaces between different CAD/CAM systems.
Basically, the accuracy of dental restorations is influenced by that of the measuring device in the CAD as well as that of the machining system in the CAM. In the early stage of dental CAD/CAM systems, the measuring device and the machining system were the keys to determining the accuracy of dental CAD/CAM systems. The aforementioned studies, however, indicated that these keys are now well managed by the currently available CAD/CAM technology.
For CAD/CAM systems used in the industrial field, it is well known that the accuracy of machined products is influenced by the elastic deformation of the machining system, including the materials used for the CAD/CAM. This means that the modulus of elasticity is one of the keys to determining the accuracy of products fabricated using the machining process.
Currently, three types of material -titanium, ceramic, and resin composite -are available for dental CAD/CAM systems.
Duret et al.4) evaluated the accuracy of ceramic crowns and composite crowns using a dental CAD/CAM, and found that the accuracy of the former crowns was superior to that of the latter.
This result indicated that the elastic deformation of material influences the accuracy of dental restoration fabricated using a dental CAD/CAM.
As well as the elastic modulus, the dimensions and configurations of a machined product could be other factors which influence its accuracy -since elastic deformation is also determined by these factors. Dental restorations span across a wide variety of dimensions and configurations.
If the thickness is very small (as seen in laminate veneer crowns), or if the span length is very long (as seen in long span bridges), the machining load could cause a large elastic deformation on the material block. As a result, the fabricated restoration would have low accuracy. On this note, the accuracy of the fabricated restoration is influenced not only by the modulus of elasticity of the material, but also by the dimensions and configurations of the dental restoration. Although some studies4-7) have suggested the effects of elastic deformation on the accuracy of dental restorations fabricated using dental CAD/CAM systems, little information is available on the accuracy of dental restorations in relation to the elastic deformation of the materials used for dental CAD/CAM systems.
The purpose of the present study was to investigate the correlation between the accuracy of full crowns fabricated using a dental CAD/CAM system and the elastic deformation of the dental restorative materials used for the CAD/CAM system.
MATERIALS AND METHODS
Two tests were carried out to investigate the correlation between the accuracy of CAD/CAM crowns (crowns fabricated using a dental CAD/CAM system) and the elastic deflection of CAD/CAM materials (materials exclusively prepared for dental CAD/ CAM system).
One was the measurement of marginal discrepancy of fabricated CAD/CAM crowns, and the other was the deflection of a cylindrical specimen below elastic limit.
Marginal discrepancy measurement A conical die (base diameter: 9.5mm, taper: 1/10) made of brass was used as an original model for CAD/CAM crown fabrication (Fig. 1) . The die had a V-shaped groove (width: 1.0mm, depth: 1.0mm) at 6.0mm from the top surface of the die. The upper edge of the groove was used for the marginal line of the full crown. An impression of the original model was made using a silicone rubber impression material (Exaflex Regular, GC Corp., Japan). A stone die (Fig. 2) was prepared from the impression using an exclusive stone (GN-I CAD stone, GC Corp., Tokyo, Japan) for the CAD/CAM system (GN-I, GC Corp., Tokyo, Japan) used in this study.
The dimensions of the stone die were measured using a laser measuring device which was part of the CAD in the dental CAD/CAM system used in this study.
Based on the measured data, a full crown was machined using the CAM of the system. Three materials -titanium, ceramic, and resin compositewere supplied in the form of a rectangular block (GN-I Titanium Block, GN-I Ceramic Block, and GN-I Composite Block, GC Corp., Tokyo, Japan) and used for crown fabrication.
A new bur was used to machine each crown. To fabricate titanium crowns, three cylindrical tungsten carbide burs were used for coarse machining (diameter: 2mm), medium machining (diameter: 1.5mm), and finishing (diameter: 1 mm) in that order for titanium.
On the other hand, three cylindrical diamond burs (diameter: 2mm, 1.5 mm, and 1mm) were used for both the ceramic and composite crowns.
The machining process was carried out following the manufacturers' instructions except for the diameter of a rest (a supporting part for machining) which was completed at the medium machining stage of all the three materials.
The ceramic and composite crowns were fabricated using three rest diameters (2.0, 4.0, and 6.0mm), and the titanium crowns using two rest diameters (2.0 and 4.0 mm).
The machining of the rest was completed using the second bur for medium machining for all crowns.
Although the rest diameter could be changed in the CAD/CAM system, a 6-mm rest diameter was not available for titanium in the designing program of the system. These different diameters were used to investigate the effect of elastic deflection of the materials on crown accuracy. Six crowns were fabricated for each combination of different materials and rest diameters. Thus, a total of 48 crowns were prepared.
The fabricated crown was placed on the stone die under a 100-g weight (Fig. 2) , and the marginal discrepancy (discrepancy between the crown margin and the edge of the V-shaped groove) was measured using an optical measuring device (Profile Projector V-12, Nikon, Tokyo, Japan).
In the case of an oversized crown, the lower edge of the V-shaped groove was used as the base line.
Elastic deflection measurement Cylindrical specimens made of three different CAD/ CAM materials (ceramic, composite, and titanium) were used for elastic deflection measurement. These materials consisted of the same composition as the CAD/CAM blocks, and were supplied by the CAD/ deflection at 500gf was elastic deformation. The deflection values at 500gf are shown in Table 2 . The result of one-way ANOVA and Tukey's multiple comparison test showed that for all three materials, deflection significantly decreased as the specimen diameter increased (p<0.01). At the same diameter, the deflection of the composite material cylinder was significantly higher than those of the ceramic and titanium cylinders. And at 2-mm diameter, the deflection of the ceramic cylinder was significantly higher than that of the titanium cylinder (p<0.05). Fig. 4 shows the relation between average marginal discrepancy and average deflection. A signifi- due to a high variation of data for the ceramic crowns at 2-mm rest diameter, as shown in the standard deviations in Table 1 . These crowns showed rougher surfaces than those of the other ceramic crowns which were machined at 4-and 6-mm rest diameters.
Surface roughness could be one of the factors that influence the accuracy of CAD/CAM crowns.
Studies by Hotta et al. 13 ) and Yara et al.14) demonstrated that the chipping of tungsten bur blade and the detachment of abrasive particles from the diamond bur increased the surface roughness of CAD/CAM crowns. This type of rough surfaces might not have been produced in the present study since each crown was machined using new burs. Moreover, the roughened surfaces were not observed on the other crowns too. The reason for the rough surfaces is not known, but may be related to the forced vibration of the ceramic block at the finishing stage. Although the designing program can flexibly change the object's size, it seems difficult to modify the program to control data variation. Therefore, the reason for data variation needs to be further investigated.
As well as data variation, the effect of surface roughness on accuracy is a target for future study.
The main objective of the present study was to investigate the accuracy of a fabricated crown using a dental CAD/CAM system in relation to the elastic deformation of CAD/CAM material.
Different materials and rest diameters were used to expect different elastic deformations.
Marginal discrepancy results showed significant differences in discrepancy between different materials as well as between different rest diameters.
These differences indirectly indicated a correlation between elastic deformation of CAD/CAM material and accuracy of fabricated crown.
To directly determine the correlation, the deflection of a cylinder made of the same material -which was used for accuracy measurement -was further measured below the elastic limit (at 500gf).
In the dental CAD/CAM system used in the present study, three burs were used for coarse machining, medium machining, and finishing in that order to complete crown fabrication for all CAD/CAM materials. Among these three burs, the finishing bur played the most important role in accuracy since it was used for the fine adjustment of crown size at the final stage of machining.
According to the CAD/CAM manufacturer, the machining load for the finishing bur ranged from 400 to 1000gf.
Based on this information, the deflection of a cylinder was measured at 500-gf load. The deflection could be induced not only on the material block but also on the other parts such as the bur, the gripping part, and the rotating shaft of the machine.
At the finishing stage, however, the deflection of the other parts might be negligible since the machining load at this stage was only 400-1000gf -which could induce little elastic deformation of these parts. Thus a significant correlation could have been found between crown accuracy and material deflection. A linear regression equation between accuracy and deflection was derived from a single regression analysis.
This equation may be a good measure for other new materials which have different modulus of elasticity.
However, it should be noted that this equation is applicable for crown fabrication only. If the configuration and size of restoration differ considerably from those of a crown, the regression equation derived in the present study could change due to a different elastic deformation on the restoration. A variety of dental restorations with different configurations and sizes are used in dental practice.
For long span bridges as well as laminate veneer crowns, a high elastic deformation would be produced on the material block, but not so for small inlays. These restorations can be fabricated using the CAD/CAM system although the manufacturer of the CAD/CAM system has not recommend so. The results of the present study suggested that a high accuracy could be obtained on these different restorations by modifying the designing program.
CONCLUSIONS
In the present study, full crowns were fabricated from three different materials at different rest diameters using a dental CAD/CAM system, and their marginal discrepancy measured to investigate the effect of elastic deformation on the accuracy of the crowns. Deflection below the elastic limit (at 500gf) of cylindrical specimens was further measured -using the same materials and diameters employed for the accuracy measurement -to determine the correlation between marginal discrepancy of crown and deflection of CAD/CAM material.
The following conclusions were drawn from the results of the present study.
